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Abstract: Recent research in the rapidly emerging field of plasmonics
has shown the potential to significantly enhance light trapping inside
thin-film solar cells by using metallic nanoparticles. In this article it is
demonstrated the plasmon enhancement of optical absorption in amorphous
silicon solar cells by using silver nanoparticles. Based on the analysis of the
higher-order surface plasmon modes, it is shown how spectral positions of
the surface plasmons affect the plasmonic enhancement of thin-film solar
cells. By using the predictive 3D modeling, we investigate the effect of
the higher-order modes on that enhancement. Finally, we suggest how to
maximize the light trapping and optical absorption in the thin-film cell by
optimizing the nanoparticle array parameters, which in turn can be used to
fine tune the corresponding surface plasmon modes.
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1. Introduction
At present, thin-film solar cells are considered as a main and low-cost alternative to conven-
tional wafer-based cells. With the thickness of a few microns and below, they can significantly
decrease the amount of the semiconductor material required, and thus, reduce the production
costs of such cells [1]. In addition, carrier diffusion paths are much shorter in thin-film materi-
als, which lead to a reduction of the losses from minority carrier recombination.
However, due to relatively poor light absorption of thin-films, more efficient light trapping
mechanisms are required for better performance as compared to wafer-based solar cells. Usual
methods such as surface texturing used in wafer-based cells for light trapping [2, 3] cannot be
applied to thin-film cells: micron texturing has a relatively large size, while submicron surface
texturing inevitably increases the surface area and hence the minority carrier recombination
on the surface. A promising way found recently [4] is to use the rapidly emerging field of
plasmonics and nanoplasmonics in particular, to enhance the optical absorption of the photo-
active layer.
Recent experimental studies on both organic [5–8] and inorganic [9–12] solar cells have
shown that performance of thin-film cells can be improved significantly by metallic nanoparti-
cles deposited on top of the photo-active layer. It was shown that the enhanced performance of
such cells is attributed to the improved optical absorption of thin-film photo-active layers [7].
This more effective optical absorption is caused by scattering from the metallic nanoparti-
cles [13], which strongly increases the light trapping within thin-film cells by coupling with
waveguide modes of the active layer [14, 15].
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Through coupling with surface plasmons, which are the eigenmodes of metals [16], the inci-
dent light very effectively interacts with the metal nanoparticles over cross-sections much larger
than the geometrical cross-sections of these nanoparticles [17]. In other words, the excitation of
multiple surface plasmons leads to the extraordinary scattering [18] and strong electromagnetic
field enhancement in the vicinity of nanoparticle surfaces [19,20]. Due to enhanced near-fields,
the scattered light can very efficiently couple into waveguide modes of the active layer [14,15],
dramatically increasing the optical path and absorption of the light inside the active layer [21].
As a result, the total absorbed power by the photo-active layer in a solar cell containing metallic
nanoparticles can be significantly enhanced.
An additional advantage of metallic nanoparticles is in the resonant nature of plasmonic
enhancements. This makes the nanoparticles a very efficient and flexible tool for solar cell ap-
plications, which can be used to manipulate the light trapping and energy conversion efficiency.
By tuning the plasmon resonance frequencies of the nanoparticles (by changing their material,
size, or arrangement) one can modify spectral profiles of the absorbed power in the photo-active
layer, as well as the total absorbed power.
However, despite several experimental attempts to enhance the solar cell performance us-
ing very different nanoparticle materials, sizes, shapes, and surface coverages, there is still no
systematic study on the optimum light trapping that can be achieved by proper adjustment of
nanoparticle parameters. Many efforts have been done to study the influence of the nanoparticle
shapes [21,22] on the localized field enhancement and light trapping. However, such important
questions as tuning of the surface plasmons and the role of the higher-order modes in plasmonic
enhancements still remain essentially open. At the same time, the plasmonic mechanism of the
enhancement by metal nanoparticles, as well as the key role of surface plasmon modes (and
especially the higher-order modes) in those enhancements, is undeniable [4, 21]. Thus, finding
the optimum nanoparticle parameter space by tuning the higher-order surface modes to enable
the effective plasmon enhancement still remains one of the major challenges in this direction.
In this paper, we present a systematic study on plasmon enhancement by high-order surface
modes of the absorbed power in thin-film hydrogenated amorphous silicon (a-Si:H) solar cells.
Based on predictive 3D modeling for a thin-film a-Si:H cell with spherical silver nanoparti-
cles, we demonstrate how the high-order surface plasmons in different nanoparticle arrays can
be used to enhance the absorbed power. Finally, we perform an optimization study for the
nanoparticle array parameters to achieve better optical enhancement and light trapping inside
the amorphous silicon layer.
2. Surface plasmons
According to the Mie theory for a single spherical nanoparticle in air [23], both scattering
and absorption by the nanoparticle are caused by interaction of the incident light with all the
normal modes of the nanoparticle. In other words, the overall cross-sections are the sums of
contributions from all the normal modes
σsca =
∞
∑
n=1
σ
(n)
sca , σabs =
∞
∑
n=1
σ
(n)
abs , (1)
where σ (n)sca and σ (n)abs are the contributed cross-sections from the n-th normal mode.
Coupling of the incident light with the nanoparticle normal modes strongly depends on the
mode number n and size parameter q = kR, where R is the nanoparticle radius and k = ω/c is the
vacuum wavenumber with frequency of the incident light ω and speed of light c. Since higher
modes feature the distance between any two adjoining poles in the field patterns that decreases
with the mode number n, the coupling with higher-order modes is less effective [24]. In the
case of very small nanoparticles (much smaller than the wavelength of the incident light, when
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q 1), mainly the dipolar normal mode (n = 1) is excited. This results in strong absorption
and weak scattering of the light, σabs  σsca. However, as the nanoparticle size increases, the
contribution of higher-order modes becomes larger and can no longer be ignored. As a result,
the scattering induced by higher-order modes in large nanoparticles becomes comparable and
may even dominate over the absorption.
For metal particles, the absorption and scattering of the light become even more com-
plex. It is related to free electrons in metals and collective oscillations of the induced surface
charges known as surface plasmons [16,25]. Collective oscillations of the surface charges at the
nanoparticle interface create a resonant structure with a very specific field pattern. Since these
fields are related to the surface charges at the metal interface, they decrease very rapidly with
the distance from the interface in both directions [16] (i.e., inside and outside the nanoparticle).
Moreover, at frequencies close to the surface plasmon resonance, the incident light strongly
couples with the induced internal surface charges, leading to extraordinary scattering and ab-
sorption by the metal particles [18].
According to the Mie theory [23], each normal mode of metal nanoparticles contains a sur-
face plasmon resonance. Thus, there exist an infinite number of surface plasmons characterized
by their own order n and possessing different resonant frequencies ω(n)res . These frequencies de-
crease with the size of metallic particles as can be seen in Fig. 1, which shows the associated
red-shifts of the surface plasmon resonances for silver nanoparticles. Moreover, the sensitivity
of ω(n)res to the particle size is determined by the order number n: higher-order plasmons are less
sensitive to changes in the particle size. Thus, the surface plasmon frequencies for the lowest
modes with n = 1, 2, 3 can be heavily dispersed, especially for relatively large nanoparticles
with R≥ 30 nm.
The resonant contributions of surface plasmons to light absorption and scattering by a single
metal nanoparticle also depend on the radius R and the mode number n [23]. The contribu-
tions of the first three plasmon modes of silver nanoparticles with different radii R are shown
in Fig. 2. One can see that the scattering of the first three resonant surface plasmon modes al-
ways increases with the nanoparticle radius. Meanwhile, the resonant contributions to the total
absorption of the nanoparticles decrease with the nanoparticle size after reaching their critical
(peak) radius. Thus, the Q factor of the resonant absorption significantly decreases for low-
mode plasmons excited in relatively large nanoparticles (R > 50 nm). For such nanoparticles,
Fig. 1. Frequencies of the surface plasmon resonances in both scattering and absorption
spectra for single spherical silver nanoparticles with radius R. The dashed curve shows the
region where there is no resonant absorption on the dipolar mode.
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Fig. 2. Absorption and scattering cross-sections as a function of the radius R of a single
silver nanoparticle for the n = 1, 2, 3 surface plasmon modes, corresponding to the resonant
frequencies in Fig. 1.
the Q factor of the dipolar absorption resonance is so small that it becomes negligible as shown
by the dashed line in Fig. 1. The decrease of the modal (n=1, 2, 3, ...) absorption for relatively
large nanoparticles plays a key role in plasmonic enhancement of the optical absorption of thin-
film solar cells. Hence, it is important to identify the effect of the modal absorption in order to
obtain the optimal plasmonic enhancement in a thin-film solar cell.
3. Plasmonic enhancement
To study the role of the dipolar and higher-order surface modes in plasmonic enhancement of
thin-film solar cells, let us consider optical absorption of a hydrogenated amorphous silicon
(a-Si:H) solar cell with a 240 nm thick photo-active layer, a 20 nm thick ITO coating, and an
80 nm thick Al back contact (Fig. 3). We assume that the top surface of the ITO coating is
uniformly covered by spherical silver nanoparticles of radius R with surface coverage η . Here,
the surface coverage characterizes the part of the total surface area of the cell covered by the
spherical nanoparticles.
Fig. 3. Sketch of a thin-film a-Si:H solar cell structure with an array of Ag nanoparticles
on top of an ITO layer.
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In this set of numerical experiments, we have used the Finite Element Method to solve a
full set of 3D Maxwellian equations with perfectly matched layer boundary conditions for
monochromatic, normally incident plane waves. Simulations were performed for the square
array of the nanoparticles by applying periodic boundary conditions. The employed boundary
conditions account for multiple scattering caused by nanoparticle-nanoparticle, nanoparticle-
substrate, and nanoparticle-substrate-nanoparticle interactions, as well as describe the coupling
of the scattered light into waveguide modes of the a-Si:H layer. Thus, the performed simula-
tions take into account all the major effects of the metal nanoparticles deposited on top of the
cell.
The results of our calculations for optical absorption rates for both the a-Si:H photo-active
layer (solid lines) and Ag nanoparticle array with the radius R = 20 nm (dashed lines) and
different values of the surface coverage of 0, 10, and 20% are shown in Fig. 4. This figure
reveals the mixed and complex influence of the surface plasmons on the cell optical absorbance.
The analysis of the higher-order surface plasmons (Fig. 2) shows that the main interaction
of the sunlight with small silver nanoparticles of R = 20 nm is realized mainly through the
coupling with the dipolar mode (n = 1). The corresponding resonant region is depicted in Fig.
4 as the shadow area. This figure shows that, in the resonant region, where the dipolar surface
plasmon shows up more strikingly, the nanoparticle-enhanced cells have decreased optical ab-
sorption in the photo-active layer [12, 22]. This happens because of very high losses caused
by excitation of surface plasmons in such small metallic nanoparticles (the dashed curves in
Fig. 4). Despite this fact, the enhanced scattering from metallic nanoparticles (also influenced
by the surface plasmons) occurs at longer wavelengths [26], thus improving the light trapping
inside the photo-active a-Si:H layer. Since most of the energy of the solar radiation in the
AM1.5 global spectrum is concentrated between 0.55 and 2.5 eV, the positive effect of the im-
proved light trapping can compensate the negative effect from plasmonic absorption inside the
nanoparticles, giving a positive total gain from the plasmonic effects integrated over the overall
solar spectrum.
From here, we can summarize that to optimize the performance of plasmonic solar cells, one
needs the two main things:
i) to maximize the forward light scattering from the plasmons into the photo-active layer;
Fig. 4. Spectral absorption rate of the a-Si:H photo-active layer (solid lines) and silver
nanoparticles with R = 20 nm (dashed lines) as a function of frequency ω [eV]. The shadow
depicts position of the n = 1 surface plasmon resonance.
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Fig. 5. Spectral absorption rate of the a-Si:H photo-active layer (solid lines) and silver
nanoparticles with R = 90 nm (dashed lines) as a function of frequency ω [eV]. The shadow
regions correspond to the n = 1, 2, 3 surface plasmon resonances.
ii) to minimize the plasmon-induced light absorption by the metal nanoparticles in the peak
region of the solar spectrum.
This approach benefits from the results of the analysis of the higher-order plasmon modes
(Figs. 1 and 2). Our results suggest that for large nanoparticles the contributions of higher-order
surface plasmon modes become more important. The resonant frequencies of the lowest-order
modes for such nanoparticles are no longer around 3.5 eV as in the small nanoparticle case.
By increasing the nanoparticle size, one can shift the low-order plasmon modes towards the
peak area of the solar spectrum. This significantly improves the light scattering by the higher-
order modes in the peak region of the solar spectrum as quantified in Fig. 2. Moreover, in
this case the nanoparticle absorption caused by the lowest-order modes and especially by the
dipolar mode, is significantly decreased, making the higher-order absorption dominant. This
is very advantageous, as the low-order modes of large nanoparticles have resonant frequencies
within the peak range of the solar spectrum. In other words, by increasing the nanoparticle size,
one can separate the plasmon-induced scattering and nanoparticle absorption into different
frequency/photon energy ranges, improving the light scattering in the peak range of the solar
spectrum and leaving the plasmon-induced absorption outside of this region.
Figure 5 demonstrates this substantially improved plasmon enhancement, by using silver
nanoparticles with R = 90 nm. Compared to the case of R = 20 nm, these nanoparticles feature
strong coupling of the sunlight with the first three surface plasmon modes and shift resonant
energy of the dipolar mode by more than 1 eV towards the peak region of the solar spectrum.
Even though each surface mode induces additional absorption in the nanoparticles, the total
level of this absorption in the peak region of the solar spectrum remains quite small and can be
attributed to a huge decrease of the dipolar absorption compared to the case of small nanopar-
ticles. As a result, the absorption rate of the photo-active layer can be increased by up to 20%
over a broad frequency range.
One might argue the applicability of the Mie theory, which does not account for the effect
of the highly-absorbing substrate. Here, we show that because of the relatively small dielectric
permittivity of the ITO layer, the change in the resonant frequencies of the metallic nanoparti-
cles caused by the a-Si:H layer is very small. This frequency shift is not significant since the
resonant absorption peaks of the Ag nanoparticle arrays (dashed lines) in Figs. 4 and 5 are still
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Fig. 6. Surface coverage η dependence of the plasmon enhancement F by silver nanopar-
ticles.
very close to the resonant frequencies of the surface plasmons predicted by the Mie theory (the
shadow regions).
4. Optimization
In the above, we have shown that by tuning the spectral position of the higher-order surface
modes (e.g. by changing the size and surface coverage of the nanoparticles) one can improve
performance of plasmonic solar cells. Now, let us consider how the nanoparticle array parame-
ters affect this enhancement.
The performed analysis of the effect of the higher-order plasmon modes suggests that optical
absorption in the photo-active layer may be enhanced through the excitation of surface plas-
mons in large metal nanoparticles, resulting in the effective light trapping inside thin-film solar
cells. However, we should note that larger nanoparticle sizes, as well as larger surface cover-
ages, inevitably lead to the increased absorbed and reflected (by the array of metal nanoparti-
cles) power thus effectively reducing the optical absorption in the photo-active layer. Therefore,
there exists an optimum combination of the nanoparticle array parameters which maximizes the
positive effect of higher-order surface plasmon modes on the optical absorption and photocur-
rent response of plasmonic solar cells [17].
4.1. Coverage optimization
To perform optimization of the optical absorption, one needs to investigate the influence of both
the radius R and the surface coverage η on the absorbed light-power. The total absorbed power,
Ptot, has been calculated by integration of the absorption rate of the photo-active layer over
the AM1.5 global spectrum for a wide range of the array parameters R and η . The calculated
dependences of the plasmon enhancement
F(R,η) = Ptot(R,η)/Ptot(R,0)−1, (2)
on the surface coverage η are shown in Fig. 6, where Ptot(R,0) is the total absorbed power by
the plain cell without nanoparticles.
These results suggest that for any given radius of nanoparticles R, there exist a value of
surface coverage ηmax (Fig. 7) maximizing the plasmon-related enhancement of the absorbed
power. By deposition of nanoparticles with the average surface density of ηmax/(πR2) that
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cover the ηmax (%) of the top cell surface, one can achieve the maximum enhancement Fmax for
the particular radius R of the nanoparticles.
The existence of the optimum surface coverage ηmax to obtain the maximum plasmon-related
light trapping in the solar cells enhancement can be understood by examining the scattering of
the nanoparticles. For small nanoparticle coverages, the energy scattered to the forward semi-
sphere and then transmitted into the a-Si:H photo-active layer increases with η , while for large
values of η , above a certain limit, the main part of the scattered energy is reflected back due to
the dominant backward scattering. In such a way, for very large surface coverage by metallic
particles, the incident light is strongly shielded by the induced surface charges and is reflected
back by the higher-order surface modes. As a result of this competition, the most effective light
trapping, and hence, optical absorption by the cell, occurs at ηmax.
In addition to the main peak at intermediate values ηmax, Fig. 6 also shows a complimentary
maximum of the plasmon enhancement by small nanoparticles with R = 10 nm. This enhance-
ment corresponds to extremely small surface coverages, η < 5%, when multiple scattering from
the nanoparticles is very weak. Recently, similar effects have been obtained for crystalline sili-
con solar cells [10,17], where it was demonstrated that metallic nanoparticles with low surface
coverages can provide significant individual contribution to the overall light absorption.
4.2. Size optimization
We have already mentioned the big difference in the plasmon enhancement by small and large
nanoparticles caused by the higher-order plasmon modes. This difference also leads to very
different behavior of ηmax for small and large particles depicted in Fig. 7. One can see from
this figure that ηmax for small nanoparticles decreases with the radius R, owing to the dominant
dipole absorption, whose cross-section increases with the nanoparticle radius (Fig. 2). This
observation is in contrast to the large nanoparticle case, when the coupling of the incident
sunlight with the higher-order surface plasmon modes makes the light absorption a dominant
effect, thus dramatically changing the behavior of ηmax.
The optimized scattering and absorption of the sunlight by the higher-order surface plasmon
modes also explain why the maximum enhancement for large nanoparticles is higher than for
the small ones (Fig. 8). The stronger forward scattering from higher-order plasmon modes
of large nanoparticles can more effectively trap the light inside the amorphous silicon layer.
Fig. 7. Dependence of the surface coverage ηmax when the maximum enhancement of the
a-Si:H optical absorption is obtained for silver nanoparticles with radius R.
(C) 2009 OSA 8 June 2009 / Vol. 17,  No. 12 / OPTICS EXPRESS  10203
#110068 - $15.00 USD Received 14 Apr 2009; revised 25 May 2009; accepted 25 May 2009; published 3 Jun 2009
Fig. 8. Size-dependence of the maximum achievable enhancement Fmax by silver nanopar-
ticles with radius R.
As a result, the plasmon enhancement can be increased from 10.95%, being the maximum
enhancement for small nanoparticles achieved at R = 30 nm and η = 33.45%, to 15.15%, for
large nanoparticles with R = 80 nm and η = 11.23%, (Fig. 7, 8).
Recently, a similar ITO(20 nm)/a-Si:H(240 nm)/stainless steel plasmonic cell was exper-
imentally studied in [11]. It showed the 8.3% enhancement by using Au nanoparticles with
R = 50 nm and η = 3%. Despite quite significant differences in the nanoparticle shapes and so-
lar cell structures, these results are in good quantitative agreement with our computations (Fig.
6). Moreover, our numerical experiments suggest that the enhancement obtained in paper [11]
can be almost doubled by using larger Ag nanoparticles.
We should also note that, despite the evident advantage of using large nanoparticles, small
nanoparticles offer another distinctive advantage: the width of their plasmon enhancement
peak in the η-space is wider than that for large particles (the inset on Fig. 8). In other words, al-
though small nanoparticles provide a weaker enhancement, the range of the surface coverage η ,
which results in at least 10% plasmonic enhancement, is broader than for larger nanoparticles;
this enables better reproducibility of the plasmon enhancement in experiments.
5. Conclusion
We have studied the plasmonic effect of silver nanoparticles deposited on the top surface of the
thin-film hydrogenated amorphous silicon solar cell on light trapping inside the photo-active
layer. We have discussed and analyzed the role of higher-order surface plasmon modes in the
plasmonic enhancement of the thin-film solar cells. It has been shown that by excitation of
higher-order surface plasmon resonances in larger nanoparticles, one can increase the energy
transmitted into the amorphous silicon layer, as well as decrease the optical absorption related
to the metallic nanoparticles. Thus, the overall broadband optical absorption in the photo-active
layer can be significantly improved.
Based on the numerical full-wave solution, we have investigated the effect of the nanoparticle
array parameters on the efficiency of the higher-order surface plasmon mode coupling and
the associated enhancement of the optical absorption in the cell. We have also performed the
optimization of the plasmon enhancement and elaborated the optimum characteristics of the
nanoparticle arrays maximizing the light trapping and hence the photocurrent response inside
the thin-film a-Si:H photo-active layer.
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The obtained results have shown that there exist two optimal configurations of the silver
nanoparticles enhancing the optical absorption by 10.95% and 15.15%, respectively. The for-
mer is caused by the small nanoparticles with R≈ 30 nm and η ≈ 33%, while the latter can be
achieved with the nanoparticles of R ≈ 80 nm and η ≈ 11%. Thus, proper adjustment of the
nanoparticle array parameters, which takes into account the higher-order plasmon modes, may
lead to the new generation of efficient and cheap plasmonic solar cells.
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